It might be expected that normal trichromatic females would perform as well as normal trichromatic males of the same age when tested with standard clinical color-vision tests that use pseudoisochromatic vanishing designs on neutral gray backgrounds such as the Hardy-Rand-Rittler~HRR! pseudoisochromatic plates and the Neitz Test of Color Vision~NTCV!. Here 2966 children aged 6-13 years from four municipalities in Norway were tested in their school classrooms with the NTCV. Children who made errors on the test were retested. 187 males and 152 females made one or more errors on retest, and each was tested individually on the Richmond HRR Fourth Edition. 8% of the males were defined as color deficient when a double criterion for failing was applied, that is, one or more errors on the NTCV and two or more errors on the HRR. The calculated frequency of color-deficient females homozygotes! for the same criterion is 0.42%. By contrast, 3% of females failed the criterion that gave a stable population of color-deficient males. This result is considered in relation to reports of female carriers of color-vision deficiency having problems with the Ishihara test and of females having poorer color discrimination than males.
Introduction
The last mass screening for red-green color-vision deficiencies in Norway was carried out by George Waaler in 1925 -1926~Waaler, 1927 !. Among 9049 males and 9072 females, 8.01% of males and 0.44% of females were found to be red-green color deficient by the Ishihara Pseudoisochromatic plates and the Nagel Anomaloscope. As has been long known, red-green color-vision deficiency is X-linked: the photopigment of the long-wave-sensitive~L! cones and the middle-wave-sensitive~M! cones are encoded by genes on the q arm of the X-chromosome~Nathans et al., 1986a X-chromosome~Nathans et al., , 1986b !. Thus, those of the female population who are color deficient are presumably homozygote, whereas those who are heterozygote are carriers of the deficiency.
The heterozygotes would be expected to have normal trichromatic color vision as red-green color-vision deficiencies are inherited in a recessive manner; nevertheless, some carriers have been found to make more errors~or misreading! on the Ishihara test than normal trichromats~e.g., Waaler, 1927; Crone, 1959; Feig & Ropers, 1978; Jordan & Mollon, 1993 !. This is usually explained by the random inactivation of one or the other parental X-chromosome in any given cell~Lyon, 1972!. These females may have poorer color discrimination than normal trichromats, and there is some evidence that it is carriers of deutan deficiencies that have the poorest color discrimination~Hood et al., 2006!. Occasionally, skewed inactivation of the X-chromosome allows full expression of the abnormal gene, and these heterozygote females will be affected in the same manner as homozygote females Jorgensen et al., 1992 !. In addition, there are polymorphic variations in the amino acid encoded at codon 180 on the L-and M-cone pigment genes in the normal trichromatic population~e.g., Sharpe et al., 1998!, with the polymorphism on the L-cone pigment gene being the most frequent~Sharpe et al., 1999!. This gives rise to relative shifts in spectral separation between the two pigments, in turn resulting in large variations in normal red-green color discrimination~Neitz et al., 1991; Merbs & Nathans, 1992; Winderickx et al., 1992; Asenjo et al., 1994 !. It has been suggested that some females that are heterozygous for polymorphism at codon 180 on the L-cone pigment genes may have poorer red-green color discrimination than normal trichromatic males~Pardo et al., 2007!.
Here the Neitz Test of Color Vision~NTCV! and the Fourth edition of the Hardy-Rand-Rittler~HRR! pseudoisochromatic test for color vision were employed to test both male and female children aged 6-13 yr. The NTCV is a one-page disposable paper-and-pencil pseudoisochromatic test devised for mass screening of color-vision in classrooms that are well lit with a combination of daylight and fluorescent lighting. The test is designed for children as young as 4 years old and tests for both red-green ~protan and deutan! and blue-green~tritan! color-vision deficiencies~Neitz !. The NTCV has nine different panels: one for demonstration and eight for testing. Three of the test panels are designed to identify protan, three to identify deutan, and two to identify tritan color-vision deficiencies. The pseudoisochromatic design is a hybrid between the vanishing and the transformation type. Each panel consists of a matrix of dots that vary in size; dots that form the background are printed in gray. Dots that form the geometrical symbol~square, circle, triangle, or diamond! are printed in colors that fall near the dichromatic confusion lines in the CIE 1931~x, y! chromaticity diagram, and ranked color-difference steps are employed~Neitz !. The geometrical symbols are presented as multiple choices. The observer's task is to put an "X" on the correct match from the multiple-choice options printed below each panel. There are three different versions of the test, each with the same set of panels, but where the order of the panels is rearranged. Color-vision deficiency is suggested by the observer failing to identify the correct symbol, either by choosing the incorrect one or indicating that there is no symbol, and it is recommended that further color vision tests are carried out to determine whether color-vision deficiency is present or not~Neitz et al., 2001!. There is one other report on the NTCV~Neitz & Neitz, 2001!, but only results for males were included.
The HRR is designed to test for and to classify red-greeñ protan and deutan!, and blue-green~tritan!, and blue-yellow "tetartan"! color-vision deficiencies. The HRR has 24 plates each displaying either one or two geometrical symbols~square, circle, or triangle!. The first four plates are for demonstration, and the next six are for screening. The first two screening plates contain four geometrical symbols and are designed to test for blue-green color-vision deficiencies. The next four plates contain six geometrical symbols all designed to test for red-green color-vision deficiencies. The last 14 plates are for qualitative and quantitative classification: 10 for protan versus deutan and four for tritan versus "tetartan" deficiencies. The pseudoisochromatic design of the plates is of the vanishing type. The dots that make up the background are printed in neutral grey, and the dots that make up the geometric symbol are printed in the average achromatic hues for protan, deutan, tritan, and "tetartan" color deficiency. All the dots vary in lightness, and color difference steps are employed~for a more detailed specification see Lakowski, 1969; Dain, 2004!. The HRR pseudoisochromatic plates are a well-regarded screening and diagnostic test for color-vision deficiencies, although favored more for diagnosis~for a review see Birch, 1997 !. Most studies have included observers previously found to be either color normal or color deficient by other clinical color-vision tests, and have included predominantly males~1801 males versus 29 females: Hardy et al., 1954; Sloan & Habel, 1956; Walls, 1959; Crone, 1961; Paulson, 1971; Vos et al., 1972; Birch, 1997; Bailey et al., 2004; Cole et al., 2006 !. Those studies that have carried out a screening, in the sense that the observers' color vision was unknown prior to participating, have either only included males 1549 males: Hardy et al., 1954; Rand & Rittler, 1956; Sloan & Habel, 1956; or the number of males has outnumbered females~468 males versus 32 females: Belcher et al., 1958 !. How females perform on different editions of the HRR test is therefore largely unknown.
In this study, the combination of the NTCV and the HRR tests, employing an established criterion for failure, identified a stable population of color-deficient males, but when applied to females, however, the same tests with the same criterion identified a larger group than just the expected homozygotes. This group of females may contain both carriers and normal trichromats with lower than normal red-green color discrimination.
Materials and methods

Observers
1445 males and 1518 females, aged 6-13 years, took part in the color-vision study. The children were from the municipalities of Kongsberg, Tønsberg, Notodden, and Bø in Norway. The study was conducted from mid February to March0April in 2006~Kongs-berg and Tønsberg! and mid February to March0April in 2007 Notodden and Bø!. The study was conducted in accordance with the principles embodied in the Declaration of Helsinki~Code of Ethics of the World Medical Association!, and were approved by the Regional Committee for Medical Research Ethics for the Southern Norway Regional Health Authority.
Testing procedure
An appointment was made with each school, and information about the study including a written consent was given to every child by their teacher to take home. The written consent had to be returned to the school prior to the day of the testing. Children who did not return the written consent were excluded from the study. 
Color-vision tests
The NTCV was administered in the children's classrooms under a combination of natural daylight and fluorescent lighting. Children were tested binocularly. Each child was given one of the three forms of the test. One of the optometry students instructed the children how to do the test by showing them the example square, which is the first of the nine panels on the form. The children were instructed to put an "X" through the correct match or to trace with a pencil the symbol that was seen as colored. Tracing was easier for some of the younger children who had some difficulty with understanding the matching concept. The children were then asked to complete each of the remaining panels in the same manner on their own. Children who made one or more errors on the test were then checked and if necessary retested on an individual basis. To be labeled as having normal color vision, all eight test-panels had to be identified correctly. Children who made one or more errors on the retest were subsequently tested on the HRR in a separate room. 218 males and 196 females were picked at random among those who made no errors on the first administration of the NTCV and acted as controls on the HRR.
The HRR was administered on an individual basis in an otherwise darkened room with the 'True Daylight Illuminator with Easel'~color temperature 6280 K, model number 1339R, Richmond Products, Albuquerque, NM!. The level of illumination was measured at the surface of the test plates with a digital lux meter Hagner Model EC1, Hagner AB, Solna, Sweden!, and averaged about 900 lux. Children were tested binocularly. Testing distance 502
Rigmor C. Baraas was 50-80 cm depending on the habitual posture of each child. Each child was given a soft brush and asked to trace the shapes on the four demonstration plates as an instruction to the test, and to verify that the child understood the test. If the child responded correctly on the four demonstration plates, the child proceeded with the next six screening plates. If the child correctly identified all 10 shapes on the screening plates, he or she was considered to have normal color vision. If the child misidentified two or more of the four blue-green shapes, or two or more of the six red-green shapes on the screening plates, the child proceeded with the classification plates. If the child correctly identified all the shapes on the classification plates, the screening plates that he or she had made errors on were presented a second time. Children who made two or more errors on either the blue-green or the red-green screening plates were considered to have a color deficiency. Results from the blue-green screening plates are not considered in this report.
Results
187~13%! males and 152~10%! females made one or more errors on the NTCV. Of these, 73 males and 104 females only made one error on the red-green panels of the NTCV; all except two males and three females made that single error on the most desaturated panel~D1 circle!. Of those who made errors on the NTCV, 117 males and 45 females made two or more errors on the HRR red-green screening plates. Hence, 8.09% of males and 2.96% of females made one error on the NTCV and two errors on the HRR. 28 males and 30 females made only two errors on the HRR red-green screening plates; of these, 25 males and 24 females made both errors on plate 7. The numbers and percentages of observers making different numbers of errors on the NTCV and the HRR tests are summarized in Table 1 . Table 2 shows the numbers and percentages of observers classified as protan or deutan or unclassified with the HRR diagnostic plates~plates 11 to 20!. 101 males and 28 females made errors on the diagnostic plates. 70 males and 19 females were classified as deutan.
219 males and 196 females were picked from those who made no errors on the NTCV to act as controls on the HRR test. Table 3 shows the numbers and percentages of controls that made errors on the HRR red-green screening plates. 24 males and 28 females made two errors on the red-green screening plates. All of the males and 26 females made these two errors on plate 7. Only two male controls made three errors, and it is possible that these two had a mild color-vision deficiency. None of the controls made errors on the diagnostic plates.
Discussion
The recommended procedure for the Neitz Test of Color Vision is that those who made one error or more on the second sitting of the test should be tested further with another color-vision test~Neitz et al., 2001!. About 13% of males and 10% of females made one error or more on the NTCV~Table 1!. Here HRR was chosen as the second test, and according to Cole et al.~2006! the criterion for being defined as red-green color deficient with this test is two errors or more on the red-green screening plates. The combination of these two tests, employing the established criterion, gave the percentage of color-deficient males as 8.09%. The percentage of females failing the same criterion was as high as 2.96%~Table 1, in bold!.
The percentage of color-deficient males is strikingly similar to that reported previously for the Norwegian male population~Waaler, 1927!, but slightly higher than the average reported for males of European descent~for a review see Sharpe et al., 1999 !. Waaler 1927 ! found 0.44% of females to be homozygotes, with nine out of ten being deutan. This was higher than expected from his report of protan~1.92%! and deutan~6.09%! males, and he inferred from this that he might have missed about 1% deuteranomalous men. The criterion that gives a stable population of males is the same as recommended elsewhere~Cole et al., 2006!, but this recommendation is based on adult color-deficient observers with an average age of 28.2 years, with only 7 out of 100 observers being aged 8-14 years. The rate of false positives on the AO-HRR has been reported to decrease with increasing age, that is, over 20% for 6-years-old males, and 5-10% for males aged 10 years~Hill et al., 1982!. It is therefore possible that some false positives were misclassified as color deficient, and that the criterion on the HRR red-green screening plates should be altered to three errors or more. Altering the criterion, however, does not guarantee that those eliminated are only the false positives~Hill & Aspinall, 1982!. A criterion of three errors or more on the HRR affects the males and females similarly, reducing the percentage of males and females that fail the test by about 2%~Table 1, row 4!. This gives a percentage of color-deficient males of 6.16%, with confidence interval 4.92-7.40%. This is low, as the grouped results for males of European descent would be at the very top end of this interval See Table 1 .5 in Sharpe et al., 1999!, and not consistent with previous results for Norwegian males~Waaler, 1927!. It is emphasized that Waaler's study, which included 9049 male and 9072 female observers, was carried out with the gold standard for red-green color-vision testing, the Nagel anomaloscope. Under the Hardy-Weinberg equilibrium assumption, the population of colordeficient observers is stable over time, so the implication is that this criterion will probably be too stringent for the male population, and 2% of the males could be misclassified as color normal. In addition, the HRR has been reported as giving results that are comparable to classification carried out with an anomaloscopẽ Bailey et al., 2004 !. The percentage obtained with three errors or more as a criterion is also lower than the percentage of males that make errors on the diagnostic plates~Table 1, compare row 4 and 5!. If one takes into consideration the fact that some anomalous trichromats may make errors only on the screening plates~Hardy et al., 1954; Vos et al., 1972; Birch, 1997; Bailey et al., 2004!, then it is justifiable to maintain the criterion of two errors or more on the red-green screening plates of the HRR for the males. Particularly, since they have also made an error or more on the NTCV.
The calculated percentage of homozygote females is 0.42%, 1 based on the assumption that the percentage of protans~1.92%! detected here is similar to that reported previously~Waaler, 1927!, but that more deutans were detected~6.17%!. This implies that 2.54% females who have made at least one error on the NTCV and two errors on the HRR are false positives. This indicates a screening specificity of 91.41% for females with a criterion of one error on the second sitting of the NTCV. There are no previous reports on screening specificity for females on the NTCV. If the criterion on the HRR is altered to three errors or more, then the percentage that fails the double criterion is reduced to 0.99% with a confidence interval between 0.49-1.49, which in fact is closer to frequencies reported elsewhere~Sharpe et al., 1999!. Studies on previous editions of the HRR test have included few females, and most of these females were defined as normal trichromats by other color-vision tests~Hardy et al. , 1954; Rand & Rittler, 1956; Sloan & Habel, 1956; Belcher et al., 1958; Walls, 1959; Crone, 1961; Paulson, 1971; Vos et al., 1972; Birch, 1997!. It is therefore difficult to draw a general conclusion on how females perform on the other editions of the HRR test. Nevertheless, it seems reasonable to consider the male and female populations separately, since it is unclear why so many females fail both the NTCV and the HRR with a criterion that gives a stable population of color-deficient males. One possibility is that some of the females that made errors on both the NTCV and the HRR might still be homozygotes, and that some might be heterozygotes with a skewed X-chromosome inactivation~Jorgensen et al., 1992!, but not many. There are previous reports on carriers that their performance is worse than that of normal controls on the Ishihara test~e.g., Waaler, 1927; Feig & Ropers, 1978; Jordan & Mollon, 1993 !. Waaler~1927! also found that some deutan carriers had midpoints that were shifted towards green on the anomaloscope, but the proportion was not given. Here, two out of three females that made errors on the HRR diagnostic plates were classified as deutan~Table 2!, whereas none of the controls made errors on the diagnostic plates~Table 3!. According to Hood et al.~2006! deutan carriers are more likely to have poor color discrimination than protan carriers owing to the greater imbalance in the L:M ratio. Unfortunately, it cannot be confirmed in the present study whether the females who made errors are carriers or not, as information about family history of each individual female was not collected.
It might be argued that the large proportion of female false positives implies that vanishing designs on neutral grey backgrounds may not be good enough for differentiation between normal and color-deficient females. But this is difficult to reconcile with the results obtained for the male population. In addition, near perfect correlation has been reported previously between the magnitude of the relative shifts in spectral separation between the two L-cone pigments possessed by deuteranomalous men and their color discrimination performance on the AO-HRR diagnostic plates Neitz et al., 1996 504
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The fact that most of the females making false positives also made errors on the diagnostic plates, and that most were classified as deutan, suggests that their reduced red-green color discrimination, as detected with the HRR, could be related to a narrowed relative separation between the L-and the M-cone pigment due to heterozygosity of normal trichromatic polymorphic variations in the L-cone pigment gene~Neitz et al., 1991; Merbs & Nathans, 1992; Winderickx et al., 1992; Neitz et al., 1998!. This is what has been suggested in recent studies, both for Rayleigh-type color matches~Pardo et al., 2007!, and for red-green color discrimination based on a similar design principle to that of the NTCV and the HRR~Rodríguez-Carmona et al., 2008!. Both studies show that, on average, normal trichromatic females' color discrimination along the red-green axis is in fact poorer than that of normal trichromatic males. An alternative explanation might therefore be that there is a subpopulation of females, who according to definition are normal trichromats, but whose color discrimination is not strictly normal.
